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VACUUMULTRAVIOLETRADIATIONANDATOMICOXYGEN
DURABILITYEVALUATIONOFHSTBI-STEMTHERMALSHIELDMATERIALS

JoyceA.DeverandKimK.deGroh
NationalAeronauticsandSpaceAdministration

GlennResearchCenter
Cleveland,Ohio44135

ABSTRACT

Bellows-type thermal shields were used on the bi-stems of replacement solar arrays installed on the Hubble
Space Telescope (HST) during the first HST servicing mission (SMI) in December 1993. These thermal shields

helped reduce the problem of thermal gradient-induced jitter observed with the original HST solar arrays during
orbital thermal cycling and have been in use on HST for eight years. This paper describes atomic oxygen (AOI and
combined AO and vacuum ultraviolet (VUV) radiation ground testing of the candidate solar array bi-stem thermal

shield materials including backside aluminized Teflon _' FEP (fluorinated ethylene propylene) with and without AO

and ultraviolet radiation protective surface coatings. NASA Glenn Research Center (GRC) conducted VUV and AO

exposures of samples of candidate thermal shield materials at HST operational temperatures and pre- and post-
exposure analyses as part of an overall program coordinated by NASA Goddard Space Flight Center (GSFC) to

determine the on-orbit durability of these materials.
Coating adhesion problems were observed for samples having the AO- and combined AO/UV-protective

coatings. Coating delamination occurred with rapid thermal cycling testing which simulated orbital thermal cycling.
This lack of adhesion caused production of coating flakes from the material that would have posed a serious risk to
HST optics if the coated materials were used for the bi-stem thermal shields. No serious degradation was observed

for the uncoated aluminized Teflon ®as evaluated by optical microscopy, although atomic force microscopy I AFM)

microhardness testing revealed that an embrittled surface layer formed on the uncoated Teflon* surface due to

vacuum ultraviolet radiation exposure. This embrittled layer was not completely removed by AO erosion. No

cracks or particle flakes were produced for the embrittled uncoated material upon exposure to VUV and AO at
operational temperatures to an equivalent exposure of approximately five years in the HST environment.

Uncoated aluminized FEP Teflon ® was determined to be the most appropriate thermal shield material and

was used on the bi-stems of replacement solar arrays installed on HST during SM 1 in December 1993. The SM1-
installed solar arrays are scheduled to be replaced during HST's fourth servicing mission (SM3B) in early 2002.

1. INTRODUCTION

The Hubble Space Telescope was deployed in low Earth orbit (LEO) on April 25, 1990. Due to thermal

gradient-induced jitter observed when the spacecraft passed between sunlight and shadow, bellows-type thermal
shields were proposed and used for the bi-stems of the replacement solar arrays installed during the first HST
servicing mission (SM 1) conducted in December 1993. The locations of the solar array bi-stem thermal shields are
indicated in an on-orbit photograph of HST in Figure 1. Figure 2 is a close up view of a segment one of these

thermal shields prior to placement on HST showing the bellows structure.
Candidate thermal shield materials were backside aluminized Teflon _ FEP (fluorinated ethylene propylene)

with and without front surface coatings to protect FEP from atomic oxygen (AO) and combined AO and ultraviolet

(UV) radiation. Teflon* FEP, commonly used as a thermal control material, is known to be susceptible to damage

by atomic oxygen and ultraviolet radiation. Atomic oxygen causes erosion of polymer materials [Ref. 1 ], and
ultraviolet radiation can cause embrittlement of Teflon ® [Ref. 2]. Furthermore, since the time of SM 1, it has been

observed for HST FEP surfaces that thermal cycling and deep layer damage from electrons and protons caused

embrittlement and crack propagation at stress concentrations in FEP surfaces and that the extent of FEP damage
increased with combined total dose of electron, proton, ultraviolet and x-ray radiation [Ref. 3].

Ground laboratory evaluation of the candidate aluminized Teflon ® FEP thermal shield materials was
conducted to determine which material(s) would be appropriate for a lifetime of approximately 5 years in the HST

environment, the anticipated lifetime of the SMI replacement solar arrays. The overall plan for ground laboratory
durability testing was developed by GSFC with input from GRC and called for sequential exposure of candidate
materials to electron radiation, rapid thermal cycling (RTC), VUV, and combined AO/VUV exposures at operational

temperatures. Although protons and solar flare x-rays are also part of the HST orbital environment, evaluation of
their effects was not included in this testing. This report summarizes GRC's contributions to the testing of the
thermal shields for the HST SMI replacement solar arrays installed in December 1993. GRC evaluated the effects
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of VUV and combined AO/VUV exposure at HST operational temperatures. Analyses conducted by GRC included
optical microscopy and surface microhardness characterization. GRC evaluated the condition of the surfaces of all

samples prior to and after conducting VUV and AO/VUV exposures. GRC also evaluated whether an embrittled

layer would build up on the uncoated aluminized FEP Teflon ®due to five-year orbital equivalent exposures of VUV

and AO. Following the GRC exposures, representative samples were returned to GSFC for additional analysis.

Figure 1: On-orbit view of the Hubble Space Telescope indicating positions of the 8 solar array bi-stem thermal
shields.

Figure 2: Close up view of aluminized Teflon ® FEP bellows structure of bi-stem thermal shield [Ref. 4].

2. EXPERIMENTAL

2.1 Description of Samples

To form the thermal shields, rings of backside aluminized Teflon ®FEP were thermally fused (welded)
together to form a bellows assembly. The basic uncoated aluminized FEP material was comprised of 0.002"

(50.8 _tm) thick Teflon ® FEP with vapor deposited aluminum of 1000 _knominal thickness on the backside. The

bellows assemblies, a section of which is shown in Figure 2, were fabricated by Sheldahl, Inc. and supplied to GSFC
through the European Space Agency, the suppliers of the HST SMl-installed solar arrays. The prime candidate

material for the HST solar array bi-stem thermal shields was the backside aluminized FEP with alternating layers of

SiO2, TiO2, and Ta203 deposited on the front, or space-facing FEP surface. This coating was developed and
deposited by Optical Coating Laboratory, Inc. (OCLI) and is referred to as OCLI/FEP/A1. This coating was

optimized to protect the underlying FEP Teflon ®from UV radiation absorption and is also atomic oxygen
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protective.AsecondcandidatematerialwasbacksidealuminizedFEPwithanatomicoxygenprotectivesurface
coatingof SiOxdepositedbyGSFCreferredtoasSiOx/FEP/A1.DepositionoftheOCLIandSiOxcoatingsontothe
bellowsthermalshieldswasdoneinsections,becauseofthesmallsizeofthedepositionchamberswithrespectto
thesizeofadeployedthermalshield.Overlapareaswerenecessaryatadjoiningcoatedsectionstoassurecomplete
coverage.Theseoverlapareaswere"double-coated,"receivingdoublethethicknessofasinglelayer.Therefore,
bothsingle-anddouble-coatedSiOx-andOCLl-coatedsampleswereevaluatedin theenvironmentaldurability
testing.AsinglelayerofSiOxcoatingmayhavebeenasthickas1600]k, and a single layer of the OCLI coating
varied from approximately 3500/_ to 7000/_. The third candidate thermal shield material was the backside
aluminized FEP (FEP/AI) with no front surface coating.

Two types of sample configurations for the thermal shield materials were tested at GRC: planar (flat)

samples and welded _bellows section) samples. The planar samples were cut either from bellows sections or, in the
case of uncoated samples, from aluminized FEP sheet stock. Sample holders were constructed to hold planar

samples at the same angle that the surfaces of the welded samples would be with respect to the VUV source or to the
AO-VUV beam in the various tests (approximately 23.5 ° from normal). This was done to simulate the solar

exposure angle that would be received by the bellows surfaces on on'bit. Three groups of samples designated as

Sample Groups 1.2 and 3 contained the various types of candidate thermal shield materials for VUV and AO-VUV
exposure. Samples were tested in three groups because there were three compartments for VUV exposure. Sample
labels for the thermal shield candidates used the following configuration: "prefix-sample number." The prefix

designations are described in Table 1 indicating the type of sample, type of surface coating, and, if coated, whether

the sample was single- or double-coated. During the course of testing, some samples were replaced with new ones
because of improvements in coating processes or because of sample failures. Samples in the original set have sample
numbers ranging from "'-01"" to "-I 1", whereas replacement samples have sample numbers ranging from "-101'" to
"-108'" and "-201" to "'-210.'" By the conclusion of VUV and AO exposure testing at GRC, there were 79 candidate

thermal shield samples, which received various levels of exposure to VUV and AO. A photograph of one of the

three sample groups is shown in Figure 3 indicating planar and welded samples. A schematic showing the layout of
all three sample groups is shown in Figure 4. When more than one sample label appears in a given location in

Figure 4, this indicates that the original.sample was replaced at some point during the test.
In addition to the candidate thermal shield samples, each sample group also included a planar sample of

backside aluminized FEP with a thermocouple attached to the back with aluminized FEP tape. For each sample

group, this temperature monitor sample is referred to as "TMP," Each sample group also included two
contamination witness mirrors (Ctml and Ctm 2) comprised of glass slides coated with approximately 1000 ,_ of

vapor deposited aluminum followed by 10,000 A of SiOx. These were located among the planar samples. The TMP

and Ctm samples are indicated in Figure 3. Sample Groups 1 and 2 included a planar silvered Teflon `_'optical solar
reflector, SRa-01 and SRa-02, respectively, for durability compariscm to the thermal shield candidates, because

much previous data was available for space durability of optical solar reflectors. Finally, each sample group

included a fixture for holding uncoated aluminized Teflon _ sample strips for atomic force microscopy (AFM)
microhardness analysis of the FEP surfaces exposed to various durations of atomic oxygen and VUV. These

fixtures were also held at 23.5 ° from normal, and were positioned between fasteners on the welded sample fixtures.

An AFM sample holder can be seen in Figure 3. The AFM samples will be described in more detail in the Analysis
Methods section.

TABLE 1 - SAMPLE TYPES

Prefix

a-

b_

ra- or rb-

rra- or rrb-
sa- or sb-

Planar
Type of Sample

Welded

Single coated, OCLI
Double coated, OCLI

Single coated, SiOx

ssa- or ssb- Double coated, SiOx
ua- or ub- Uncoated aluminized FEP Teflon ®

SRa- Planar silvered Teflon ® sample

TMP Temperature monitor
Ctml Contamination monitor

Ctm2 Contamination monitor

AFM Atomic Force microscopy sample assembly
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AFM sample
holder

samples

Planar samples

Figure 3: Photograph of one of the three sample groups for VUV and AO-VUV exposure of HST thermal shield
candidate materials.
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2.2EnvironmentalExposureTesting

EnvironmentalexposureconditionsforallthermalshieldsamplesaregiveninTables2A-Cincluding
electronradiation,rapidthermalcycling,vacuumultravioletequivalentsunhours(ESH)andatomicoxygenfluence.

2.2.1 Sample Treatment Prior To GRC Testing

Prior to being sent to GRC, some planar samples were bent to induce cracks in the aluminum layer prior to
further testing by bending around a mandrel 25 times with the FEP side in tension and 25 times with the aluminum

side in tension. Many of the samples were then exposed to electron radiation from a Van de Graaf accelerator with
an energy of 1 MeV to a calculated absorbed dose of 0.5 Mrads estimated to provide an equivalent of five years in
the HST environment. The calculated dose was based on the stopping power of polytetrafluoroethylene (PTFE),

chemically very similar to FEP, because data were not available for the stopping power of FEP. Following electron
irradiation, some samples were also exposed to 175 rapid thermal cycles (RTC) representative of approximately 11

days on HST. The nominal lemperature cycling range expected on HST was -150 to 105 °C for SiOx-coated and
uncoated aluminized FEP and -150 to 135 °C for OCLI-coated aluminized FEP. These were the target temperature

ranges for RTC testing. The upper temperature limits were calculated based on optical properties. Due to
equipment malfunctions, the RTC testing was not well controlled, and the nominal range of cycling was between
-115 and 90 °C. Furthermore, equipment failure resulted in some samples falling into the heating element, and it

was required that they be replaced by new ones. Because of time and facility limitations, some of these replacement
samples did not undergo electron irradiation or RTC exposure prior to VUV and AO-VUV exposure as indicated in
Tables 2A-2C.

The upper temperature limit expected for the thermal shields on HST is within the range of the glass I

transition temperature (c_ relaxation) for FEP which ranges from =83 to 150 °C and is dependent on
hexafluoropropylene (HFP) content [Ref. 5]. Degradation in mechanical properties has been observed for radiation
and space exposed FEP that has been heated to 130 and 200 °C [Refs. 6, 7]. The 135 °C upper expected temperature

limit is well below the maximum use temperature for FEP of 205 °C and the temperature range for melting of 250 to

280 °C [Ref. 6].

2.2.2 VUV and AO-VU_ _Exposure in GRC Facilities

For approximately 5 years of service on HST, it was estimated that the thermal shield materials would be
exposed to approximately 30,000 hours of UV and an atomic oxygen fluence of 1.2 x 10 -_°atoms/cm -_. In order to
simulate this in the laboratory, the goal was to expose samples to three increments of the following: four weeks of

VUV radiation at 15 times the solar intensity ( 15 suns) in the 115-180 nm wavelength range totaling approximately
10,000 equivalent sun hour (ESH) followed by exposure to 4x10 t9 atoms/cm= effective atomic oxygen fluence in the

presence of VUV radiation. This would provide the space-expected ratio of At fluence to VUV equivalent sun
hours, or AO/VUV ratio, of =4x10 k_atoms/cm=.ESH. Because of lamp output degradation, it was not possible to

maintain 15 suns throughout the exposure. Each 4-week increment of VUV testing provided significantly less than
10,000 ESH, although each At exposure still provided 4x10 _9atoms/cm 2 fluence. Therefore, for simulation of 5

years in the HST thermal shield environment, the VUV exposure was deficient in comparison to the At exposure

and the actual AO/VUV ratio for exposed samples was greater than 4x 10 _5atoms/cm=.ESH. Actual values of VUV

ESH varied for samples in each of the three exposure chambers as indicated in Tables 2A-2C.

2.2.2.1 VUV E.wosure Facilit3"

The VUV exposure facility used three water cooled copper compartments each equipped with a 30-watt
deuterium VUV lamp with a magnesium fluoride (MgF=) window, two 100-watt short-filament quartz halogen

heating lamps and copper/constantan thermocouple-instrumented witness samples. A drawing of one of the test
compartments is shown in Figure 5. These compartments were located inside of a cryopumped high vacuum
chamber that operated at a pressure of approximately 5X10 "6 tort'. Samples were placed on the 7.62 cmx 15.24 cm

(3 in. x 6 in.) mounting platform of each of these compartments as shown.
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TABLE2A- ENVIRONMENTAL EXPOSURE PROFILE FOR HST BI-STEM THERMAL SHIELD SAMPLES

(SAMPLE GROUP 1)

ISample ID Sample Description Bent to Electron
induce radiation

cracks exposed _

rb-01 Welded, OCLI. single-coated X

ssb-01 Welded. SiOx, double-coated X

ub-202 Welded, uncoated

ub-201 Welded. uncoated

ub-203 Welded, uncoated

ub-204 Welded, uncoated

rb-101 Welded, OCLI, single-coated

ssb-04 Welded. SiOx. double-coated

sb-04 Welded, SiOx, single-coated X

sb-06 Welded. SiOx, single-coated X

ua-201 to -210 Planar, uncoated

sa-02, -05 to -10; Planar, SiOx-coated (sa=single- sa-02 only X
ssa-05, -06,-08 coated; ssa=double-coated)

SRa-02 XPlanar. optical solar reflector
silvered Teflon ®)

1 MeV electron exposure for a total dose of 0.5 Mrads

Rapid
Thermal

Cycled h

X

X

X

X

ESH VUV AO Fluence
(115 - 180 nm) (atoms/cm-')

< 3274 0

3274 0

< 5898 9.28 x 10 j9

< 5898 9.28 x 1019

5898 9.28 x 1019

5898 9.28 x 10 j9

< 7840 4.0 x 1019

7840 4.0 x 10 l°

< 11,114 4.0x 10 l_

11,114 4.0 x 1019

< 5898 9.28 x 1019

< 11,114 4.0x 10 j°

< 17,012 1.33 x 102o

b 175 cycles, nominal range of cycling: -115 °C to 90 °C although temperature range varied.

TABLE 2B - ENVIRONMENTAL EXPOSURE PROFILE FOR HST BI-STEM THERMAL SHIELD SAMPLES

(SAMPLE GROUP 2)

Sample ID

ub-205

ub-206

Sample

Description

Welded, uncoated

Welded, uncoated

Bentto
induce
cracks

Electron
radiation

exposed _

Rapid
Thermal

Cycled b

ESH VUV

(115 - 180 nm)

< 882

5410

AO Fluence

(atoms/cm-')

2.5 x 10 E9

9.28 x 10 l°

ub-05 ¢ Welded, SiOx-coated X 11,647 4.0 x 10 t9

ub-04 _ Welded, SiOx-coated X < 16,175 1.08 x 102°

rrb-03 Welded, OCLI, < 17,057 1.33 x 1020

double-coated

ub-03 Welded, uncoated X X 17,057 1.33 x 102°

ua-01, -02, - Planar, uncoated ua-01 X X < 17,057 1.33 x 1020
05 to -10 ua-02

ra-10, -11 Planar, OCLI < 17,057 1.33 x 102°

rra-09 (ra=single-coated,
rra=double-coated)

SRa-01 Planar, optical solar X X < 17,057 1.33 x 1020

reflector (silvered
Teflon ®)

a 1 MeV electron exposure for a total dose of 0.5 Mrads
b 175 cycles, nominal range of cycling: -115 °C to 90 °C although temperature range varied.
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TABLE 2C - ENVIRONMENTAL EXPOSURE PROFILE FOR HST BI-STEM THERMAL SHIELD SAMPLES

(SAMPLE GROUP 3)

Sample ID

rb-03

rrb-01

rb-02

rrb-02

rb- 103

rrb-101

rb-102

rrb- 102

ra-O1, -02, -05 to -

08: rra-01, -02, -05

to -08

ra-lO1, -102, -105

to -108 rra-101, -

102, -105 to -108

Sample Description

Welded, OCLI, single-coated

Welded, OCLI, double-coated

Welded, OCLI, single-coated

Welded, OCLI. double-coated

Welded, OCLI, single-coated

Welded, OCLI, double-coated

Welded, OCIA, single-coated

Welded, OCLI, double-coated

Planar, OCLI (ra=single-coated,

rra=double-coated)

Planar, OCL1 (ra=single-coated,

rra=double-coated)

Bent to

induce

cracking

ra-01

ra-02

rra-01

rra-02

Electron

radiation

exposed _

X

X

X

X

Rapid

Thermal

Cycled b

X

X

X

X

ESH VUV

( 115 - 180

nm)

< 3600

< 3600

3600

36O0

< 13,335

< 13,335

13,335

13.335

< 3600

< 13,335

AO Fluence

(atoms/cm z)

0

0

0

0

1.33 x 102o

1.33 x 1020

1.33 x 1020

1.33 x 10 z°

0

1.33 x 10 -'0

1 MeV electron ex 9osure fi)r a total dose of 0.5 Mrads

b 175 cycles, nominal range of cycling: -115 °C to 90 °C although temperature range varied.

Lamp Shroud _

MgF2 window with
nickelmesh filter-'_.

Quartzhalogen lamp_...
typicaloftwo "_-_

Internal walls lined_

with aluminum foil_

Water-cooled--_
chamber

Support

_7

_.,_

Post

_ Deuterium (VUV) Lamp

Figure 5: Arrangement of hardware in a typical test chamber in VUV exposure facility.

Lamps used for this testing were assembled with a piece of electroformed nickel mesh of 394 lines/cm

(1000 lines/in) in front of their MgF2 end window. This mesh was used as a neutral density filter to reduce the VUV

intensity to the desired level. Because the VUV lamps" MgF, end windows were known to darken with
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accumulation of VUV-fixed contamination from the facility, it was desired to use an external MgF2 disk as a
sacrificial window that could be replaced with a clean one every 3 to 5 days of running time. It was not expected

that the samples would build up contamination in the same way, because the amount of fixed contamination is
proportional to VUV intensity, and directly in front of the lamp, VUV intensity was much greater than at the sample
site.

Based on the calibration of a representative lamp by the National Institute of Standards and Technology
(NIST), it was determined that a typical lamp assembly containing mesh and the additional MgF_, window could be

placed approximately 35.56 cm ( 14 in.) from the samples to provide 10 to 15 equivalent VUV suns integrated over
the wavelength range between 115 and 180 nm, and 3-5 suns in the 115-200 nm range. Transmittance of each

sacrificial MgF2 window was obtained before and after use, and these values were used to calculate the VUV lamp
irradiance curve, and thus the pre-exposure and post-exposure intensity for each test increment. Manufacturer-

reported intensity degradation with lamp running time was also used in this calculation.
A reasonable intensity distribution (maximum variation of approximately 34%) was calculated for samples

within a 5.08 cm (2 in.) diameter exposure area in the middle of the 7.62 cm x 15.24 cm (3 in. x 6 in.) sample area.
Equivalent sun hours were calculated based on this center area of the VUV beam. Because the samples filled the

chamber, many were outside of the area receiving this reasonable intensity distribution. The maximum variation in
intensity over the area of the chamber is approximately 86%, indicating that samples at the back and front of the

chambers received approximately 14% of the intensity that samples close to the center received. Tables 2A, 2B and
2C indicate ESH values for samples positioned outside the center illumination area as less than the calculated values
for the center area. Details of spectral irradiance and spatial distribution of intensity of the VUV source are
described elsewhere [Ref. 8].

Because heating and ultraviolet radiation exposure occur simultaneously for solar-facing HST surfaces, it

was important to heat the samples during VUV exposure. A pair of 100-watt short-filament quartz halogen lamps
was placed at approximately 30.48 cm (12 in.) above the sample level to either side of the VUV lamp end window in

each of the three chambers. For the uncoated and SiOx-coated samples (Sample Groups 1 and 2, in compartments 1

and 2, respectively), thermocouple temperature in each chamber was maintained at approximately 105 °C, and for

the OCLI-coated (Sample Group 3 in compartment 3), thermocouple temperature was maintained at 135°C during
VUV exposure. The thermocouple temperature monitor sample provided feedback to a temperature control system

that adjusted power to the lamp pairs in each compartment to maintain the programmed temperature. Use of this

system ensured the following: (a) temperature of the witness sample would not exceed 3 ° below or 5 ° above the

desired temperature, (b) temperature data for each witness sample would be recorded to a file and printed out once
every minute.

After the first few days of VUV exposure, it was observed that the welded samples were collapsing due to

deformation from heating. In order to keep the samples propped up at the appropriate angle, stainless steel wire
supports were placed underneath the outer welds for each set of welded samples for the duration of testing.

2.2.2.2 Atomic Oxygen-VUV Exposure Facilit 3,

The atomic oxygen-VUV exposure facility used a 1000 watt, 2.45 GHz electron cyclotron resonance (ECR)
plasma source to generate a low energy, broad area beam consisting of oxygen atoms, ions, radicals and metastables,

where ionic oxygen was estimated to represent <10% of the species present. The neutral oxygen species are at

thermal energies, approximately 0.04 to O. 1 eV, and the ions have energies less than 30 eV. Therefore, the energies
are not the same as the orbital ram energy of 4.5 eV. However, a correlation can be made between At erosion

produced by the facility and At erosion which would be produced in space by exposing samples to an "effective"

atomic oxygen fluence based on the mass loss of FEP Teflon ®whose erosion yield has been determined to be 3.37 +
0.05 x 10 .25cm3/atom [Ref. 9]. The arrangement of equipment in the AO-VUV facility is shown in Figure 6. Fused

silica fixturing and aluminum foil were used to block unwanted, intense VUV radiation provided by the ECR beam

while providing scattered isotropic atomic oxygen arrival at the sample site. A pair of VUV lamps of the type used
in the VUV exposure facility (2 of 4 available as shown in Figure 4) was used to provide controlled VUV

illumination of the sample area during atomic oxygen exposure. This assured a more uniform VUV intensity
distribution across the sample area than could be obtained in the VUV facility. It was assumed that atomic oxygen
fluence was uniform and, therefore, identical for all samples. Two quartz halogen lamps rated for up to 100 watts

were positioned below the fused silica triangle, approximately 4" above the sample surfaces, and were used to

maintain the appropriate temperatures for each sample group using the same temperatures and the same controlling
system as was used for VUV exposure. The vacuum system for this facility is comprised of a diffusion pump with a
liquid nitrogen trap backed by a Roots-type blower and a rotary vane pump. The pumping system maintains a base
vacuum pressure on the order of 10 -6 torr. The three sample groups were tested one at a time in this facility.

Additional details regarding the AO-VUV exposure facility are found elsewhere [Ref. 10].
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Figure 6: Arrangement of equipment inside of the atomic oxygen/VUV exposure facility from (a) end view and (b)

side view'.

2.3 Analysis Methods

2.3.1 Monitoring Contamination at the Sample Site

Contamination witness mirrors labeled Ctml and Ctm2 (shown in Figure 4) were measured to determine

whether a significant amount of contaminant material was deposited and "fixed" onto the surfaces during VUV and

AO exposure. For each compartment, Ctml was measured at periodic intervals during testing and Ctm2 was

measured prior to exposure and was not re-measured until all exposures to VUV and atomic oxygen were complete.

Ctml witness mirrors were replaced following the first increment of VUV exposure with new witness mirrors (also

referred to as Ctml ) for possible further analysis. The Ctm samples were measured in air for their spectral

reflectance between 250 and 2500 nm using a Perkin Elmer Lambda-9 UV-VIS-NIR spectrophotometer equipped
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with a 60 mm integrating sphere. Measurements of total and diffuse spectral reflectance were made, and specular

reflectance was obtained by subtracting diffuse reflectance from total reflectance at each wavelength.
Measurements were made as soon as possible following removal from the vacuum chamber to minimize any

potential effects of air bleaching, or reversal of optical property degradation due to air exposure. Spectra were
convoluted over the air mass zero solar spectrum to determine integrated values of specular solar reflectance. The

standard practices used for measurement and calculation of solar reflectance are described elsewhere [Ref. 11 ].

2.3.2 Optical Microscopy

All samples were carefully examined with an optical microscope to get an indication of the extent of

damage to the samples prior to VUV and after incremental VUV and AO exposures. Optical micrographs between
11.9X-101.4X were obtained using an Olympus SZH stereo-zoom microscope. Images from 4-8 different areas on

each welded sample and from 2-4 areas on the planar samples were obtained and sketches were made to show image
locations. After incremental environmental exposures, the same areas were imaged to help verify effects of VUV

and/or AO exposures. It was difficult to get good quality micrographs, which can only be obtained using the
microscope's monocular view, due to the waviness and/or tilt of the samples, and because the samples are second
surface reflectors. However, observations were documented based on stereo viewing, which made the front and

back surfaces of the samples distinguishable. The welded samples were imaged with the samples propped up on an

angle to increase visibility for both weld areas and planar faces. Only the outer weld and approximately the top 2/3
of the planar faces of the welded samples were examined. The inner weld and lower 1/3 planar faces were either at

too steep an angle, shadowed, or both, making examination very difficult.

2.3.3 Atomic Force Microscope (AFM) Hardness Determination

Atomic force microscopy was used to measure small changes in the surface hardness due to cross-linking
(embrittlement) from VUV, and the amount of removal of the cross-linked surface by AO oxidation. The principle

of AFM is to position a sample surface in contact with a microscopic cantilevered probe using a piezo-electric
scanner, scan the probe over the sample, and, by reflecting a laser beam off the top of the cantilever, detect and
record the exact position of the probe as it moves up and down on the surface. This technique can give <1

resolution in the Z direction (normal to the surface). The AFM system moves the sample to a position where the

sample is deflecting the cantilever, and while doing this it records the position of the sample and the deflection of
the cantilever. For a surface which has infinite hardness, the tip deflection versus sample position (in the Z direc-

tion) curve would give a constant steep slope. For a softer sample, as the sample is moved into contact with the tip,
there will be both tip deflection and sample indentation, which are recorded. The result is that softer surfaces will

have less steep and varying slopes as the probe pushes into the surface. Examples of tip deflection versus sample
position slopes for hard (alumina) and soft (Teflon ®) samples are given in Figures 7(a) and (b), respectively. By

comparing the slopes of the tip deflection versus sample distance curves for elastically deflected surfaces, relative
surface hardness can be determined. The absolute hardness value for a surface was not determined, but relative

hardness from one surface to another was determined. For the AFM samples, the relative hardness was computed in
this manner from the slopes of the tip deflection versus sample distance curves, and is referred to as the "spring
constant" of the surface, k'(N/m).

Special AFM samples were made for exposure to VUV and AO with the thermal shield test samples.

Sixteen strip samples were made, each with 5 exposure areas per sample. Several exposures are on each AFM strip
sample in order to decrease effects such as variations in static charge, moisture, etc. from one sample to another.

Cover plates were designed and fabricated with various 2.5 mm circular exposure patterns and were exchanged at
specific exposure levels so that each sample had 5 different circular exposure areas on it. The individual strip

samples were approximately 4 mm x 22 mm, and each individual exposure area was approximately 2 mm diameter.

Because the thermal shield test samples were in a bellows configuration, each surface was at a --23.5 ° incline to the

incident VUV and AO flux, therefore the AFM samples were also at a 23.5 ° incline, and the resulting exposure areas

were more elliptical than circular (=1.8 mm x =1 mm). One of the AFM sample assemblies is shown in Figure 3.

Samples were designated 1 through 16, and the individual exposure areas were labeled A - E. Approximately half of
the 16 AFM samples had duplicate exposures so that results could be verified if necessary. Digital Instruments (DI)
conducted surface hardness analyses for seven samples, labeled 1, 2, 4, 7, 9, 11 and 12, and exposure levels for these

are provided in section 3.3.1.

NASA/TM---2002-211364 10



Tip _ ! i _ 7 I

DeFle©ticm i"" _'_"_'!"- .... _ _ _ : _

i !_" _ retracting ! i _ i '-T _ _ ....

i extending k_ . _ 4 ; " + _ _ i

2 position 1 08 U/div

_rl_tlon \_- ......-.:--:......---_--:---...........:-._...............o.tou,'Jiu _-_X_ , = i...... i i...... i i ........ i _ i . .....

_tpointi _'_; _ : ; _ : ; ; :

retracting_ "-.... -_____ : : : 1

p_sJtio_ - I 08 U/diu

(a) (b)

Figure 7: Tip deflection versus sample position curves for (a) alumina which is a hard surface and produces a steep

slope and (b) pristine Teflon '_' FEP which is a soft surface and produces a less steep slope.

"3, ._ _ ..... 4 Atomic Force Microscope (AFM) Surface Tot_oeraphv

Surface topograph5 images were obtained at DI for several sample exposure areas using tapping-mode
AFM imaging. Images were obtained for 500 nm square scan areas and all images were plotted with identical Z

scales and at the same tilt angle.

.... 5 Light Penetration Photography

Photographs were obtained for samples prior to and following incremental VUV and AO-VUV exposure

using back-lighting to a) document the number of pinholes, scratches and cracks in the aluminum prior, during and
after VUV and AO-VUV exposure and b) determine whether there was any delamination of the aluminum after

VUV and AO-VUV exposure.
Images were obtained by placing samples on a light box with black paper containing an aperture used to

block light except below the sample. A Nikon I=4 35-mm camera with a 31 mm extension tube and a 200 nun F4
Micro Nikkor lens was mounted on a Polaroid MP-4 chassis approximately 70 cm above the sample site. For all

photos, a 4-second exposure was used with an F-stop setting of 32. Kodak T Max ISO 400 film was used. A
control sample which was not exposed to VUV or AO was photographed during each photo-session to ensure that

the photographic processing would be duplicated.

3. RESULTS AND DISCUSSION

3.1 Monitoring Contamination at the Sample Site

Figure 8 shows a plot of solar specular reflectance of the Ctml contamination witness mirrors as a function

of VUV exposure. After the first increment of VUV exposure but before the first increment of AO exposure, the
Ctml witness mirrors for each chamber were removed for possible further analyses and were replaced with new
ones, also designated as Ctm 1. The plots labeled "inc. 1" are for the first VUV exposure increment. The plots

labeled "rem" are for the mirrors which were used for the remainder of the testing after the first VUV exposure
increment. Minor fluctuations in the specular reflectance were observed throughout the exposures except in the case

of the Group 1 and Group 2 witness mirrors which showed a significant decrease in specular reflectance at
approximately 3000 ESH VUV and a restoration of reflectance at approximately 4000 ESH. It is unknown why

such degradation occurred at this point and then recovered by the next increment. If contamination was the cause
for this reflectance decrease, then any deposited contamination would have been removed from both the witnesses
and the samples during the next exposure increment based on the measured restoration of reflectance following the

next exposure increment. Atomic oxygen exposure caused slight increases in specular reflectance at each increment
probably indicating removal of any VUV facility-produced contaminants.

The contamination witness mirrors that were measured only before and after the entire test, labeled Ctm_2,
showed a negligible change in specular reflectance. These mirrors were not replaced during the course of VUV and
AO-VUV testing. Initial solar specular reflectance was measured to be 0.850, and the maximum change in this

value upon exposure to VUV and AO-VUV was ± 0.004 which is within instrument repeatability.
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Figure 8: Solar specular reflectance of contamination witness mirrors as a function of VUV exposure.

3.2 Optical Microscopy

During visual examination of the planar and welded samples prior to VUV exposure, it was noticed that the

surface of several samples produced colorful sparkled reflections. This can indicate coating failure. Examination of
some of these areas using an optical microscope revealed that the coating on these areas was delaminated and

spalled. The rainbow sparkles visible to the naked-eye were determined to be curled-up and/or flaked-off patches of
film reflecting light in a direction other than that being reflected by the adherent coating. Figures 9 (a) to (d) show

representations of the various coating failures observed during optical microscopy examination including cracks,
delamination, spalling, and flaking. Cracks are defined as breaks in the coating (Fig. 9(a)). Delamination is defined
as a coating area that has pulled away from the surface (Fig. 9(b)). Spalling, is defined as a coating area which is
torn and delaminated from the surface and possibly curled or flaked off (Fig. 9(c)). Flaking is defined as individual

small pieces of coating not adhered to the substrate (Fig 9(d)).

(a) (b) (c) (d)

Figure 9: Representations of coating failures observed for the thermal shield samples: (a) cracks, (b) delamination,

(c) spalling, and (d) flaking.

3.2.1 Original Coated Samples Prior to VUV Exposure

Optical microscopy examination of SiOx- and OCLI-coated samples from the first or "original" sample set
prior to VUV exposure revealed coating delamination and spoiling failures for many samples. A few examples of

these coating adhesion problems are shown in Figures 10(a) to (d). A summary of the coating integrity for all of the
original coated samples, as indicated by whether or not spalling occurred, is provided in Table 3 (the term "spalled"
in this table refers to coating areas that have possibly delaminated, curled-up and/or flaked-off). Detailed optical

microscopy examination of the original group of coated samples revealed the following results. For all double-
coated samples (SiOx and OCLI coatings), welded and planar, which had been exposed to RTC there was a serious

coating delamination and spalling problem, with the OCLI-coated samples being more severely affected than the
SiOx samples. For the single-coated samples (SiOx and OCLI coatings), welded and planar, which were exposed to
RTC, initial stages of spalling were apparent on approximately one-third to two-thirds of the planar samples, and on

both welded samples. All coated samples (SiOx and OCLI coatings), single and double-coated, welded and planar,

which had not been exposed to RTC, often contained cracks in the coatings, but did not have any observable
delamination or spalling. Therefore, it was concluded that coating failures occurred upon RTC exposure.
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Figure 10: Examples of coating adhesion failures of the original samples prior to VUV exposure for (a) sample ssa-

05 where many patches of coating are missing and many coating areas curled up; and (b) sample rra-01, (c) sample
rrb-02, and (d) sample rra-08 where dark areas in the micrographs indicate coating areas that are missing.

3.2.2 Original Coated Samples After Initial VUV E.wosure

Observations after the first increment of exposure to VUV and AO provided evidence of the very serious

nature of spailing as evidenced by the increase in severity of coating spalling and the production of coating particles.
Figure 11, a micrograph of sample ssa-05 after initial VUV and AO exposure, typical of the entire sample, shows

that the coating is peeling away and flaking off the sample. Rainbow specks were noticed on the fixtures of the
Sample Group 3 (OCLI-coated) samples that were concluded to be flakes of OCLI coating on the fixture (see

Figure 12(a)). Also, after removal of the sample group from the microscope, there was a piece of OCLI coating (as
indicated by a typical blue hue) left on the microscope slide (see Figure 12(b)). There are many possible causes for
production of these flakes from the already damaged coatings during the VUV exposure process including: handling

(even with very careful handling the samples can vibrate), thermal exposure, collapsing of the welds (which was
noticed after the first increment of VUV exposure), and the VUV and AO exposures themselves.

Because of the problem with coating adhesion, a new batch of OCLI-coated samples was prepared in order
to improve coating adhesion. These samples were evaluated using optical microscopy and were substituted into the

test program. At this stage, the majority of the original OCLI- and SiOx-coated samples were not tested further. No
new SiOx-coated samples were made, because the OCLI coating was the prime coating candidate.
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TABLE3- COATINGINTEGRITYOFORIGINALCOATEDHSTTHERMALSHIELDTESTCOUPONS

SampleDescription Rapid #of
Thermal Samples
C_¢cling"

Welded Single OCLI yes 2 2:spalledregions
Coating

Double
Coating

Planar Single
Coating

Double
Coating

#ofSamples:Evidenceof Spalling

no 1 1:nospallin_
SiOx yes

no 2 2:nospallin_
OCLI yes 2 2:spalling

SiOx

OCLI

SiOx

OCLI

no 1 1:nospallin_
yes 1 1:spalling
no

yes

no 2

yes 6

no

yes

no 1

SiOx yes

no

1: spalling initiated
1: possible spalling initiated

4: no spalling

2: no spalling
1: small sections spalled
3: possible spalling initiated

2: no spallin_

6: severe spalling

1: no spallin_

2: spalling

1: spalling initiated

175 thermal cycles between nominal temperature limits of -115 °C to 90 °C although temperature range varied

throughout the test.

0.5mm

Figure 11 : Micrograph of sample ssa-05 showing increased severity of coating spalling following VUV exposure as
evidenced by coating flaking off of entire sample.
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Figure 12: Evidence of loose flakes of OCLI coating (a) on sample fixture, and (b) on microscope slide used during

sample examinations.

3.2.3 Second Batch of OCLI-Coated Sanq)les Prior to VUV E._posure

Prior to VUV and AO exposure, the second set or "new" OCLI-coated samples, which were not electron

irradiated or rapid temperature cycled, were observed to contain occasional coating cracks, particularly in bent areas.

Inside the cracks, small coating particles were observed, and there were some areas were the coating appeared to be

missing (see Figure 13(a)). Occasionally coating particles from "crack" areas appeared to be loosely attached, and

likely to dislodge (see Figure 13(b)). Besides these occasional areas with coating cracks and associated coating

debris, there were no observed areas on any of the new OCLI-coated samples with delaminated or spalled coatings.

3.2.4 Second Batch of OCL1-Coated Samples After VUV Eq_osure

There was no observed coating delamination or spalling of the new OCLI coatings with VUV or AO

exposure. The majority of coating particles in the crack areas appeared to remain adherent during VUV and AO

exposure, although some panicles were found to be missing after exposure (see Figure 14). Also, the outer welds of

the samples were observed to have yellowed after the full VUV and AO exposure, possibly due to UV-darkening.

100 lam -- 1O0 lam

(a) (b)

Figure 13: New OCLI coated samples prior to VUV exposure showing coating cracks evidenced by (a) dark areas

in micrograph of sample rra-I Ol where coating is missing, and (b) bright area in rnicrograph of sample rrb-101

where coating from crack site is lifted away from the surface.
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(a) (b)

Figure 14: Crack area in sample rrb-102 (a) prior to and (b) after VUV and AO exposure. Note the small particle in

the crack area near the center of micrograph (a) is missing from micro_aph (b).

3.2.5 Uncoated Sanq_les Prior to and After VUV/AO Exposure

The uncoated samples had a variety of features prior to VUV exposure including cracks in the aluminum

layer, scratches in the Teflon*, and diffuse or hazy appearances. Cracks in the aluminum layer are shown in

Figure 15(a) for sample ua-02, and scratches on the Teflon* surface are shown in Figure 15(b) for sample ua-08.

The development of hazy patches appeared to increase with increasing VUV and AO exposure. High magnification
of these areas shows the haziness to be very fine diffuse spots on the surface of the Teflon*, indicating either surface

texturing or contamination. Sample ub-204 had a large hazy patch with a streak through it as seen in Figure 16(a).
It is not clear if this hazy patch was present prior to VUV exposure. The hazy patch in the middle upper portion of

Figure 16(b) did develop on this sample during environmental exposure. After final VUV and AO exposure, one of
the welded samples (ub-03), near an outer weld, had a section that appeared to have been atomic oxygen eroded (see

Figure 17). The uneven erosion at the very edge of the weld (likely due to uneven thickness at the edge) resulted in
very small sections of Teflon* left almost freestanding, and could result in the production of small Teflon* particles.

If produced in space, these fine Teflon* particles would eventually erode away due to atomic oxygen erosion. This
particular outer weld was bent over and appears to have received a higher VUV and AO flux than the other welds.

Although this was a localized region, a few other welded samples showed evidence of microscopic erosion at the
very edge of the outer welds after final VUV and AO exposure.

100 _tm _ 100 lam

(a) (b)

Figure 15: Examples of surface features observed for uncoated samples: (a) cracks in the aluminum layer of sample

ua-02, and (b) scratches in the Teflon* layer of sample ua-08.
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(a) (b)

Figure 16: Examples of hazy area on sample ub-204: (a) hazy patch with a streak through it, may have been present

prior to VUV exposure, and (b) hazy patch developed during VUV/AO exposure.

-- 0.5 mm -- 100 lam
(a) (b)

Figure 17: Atomic oxygen eroded area of an outer weld edge on sample ub-03: (a) small pieces of Teflon ® at the

top of the weld are left almost free-standing and (b) higher magnification of eroded area showing protective particles
lined up in rows.

3.3 Atomic Force Microscopy

3.3.1 AFM Sulfate Hardness Results

Surface hardness results for the seven AFM samples are given along with their exposure levels in Table 4.
Samples 1 and 9 were exposed to increasing levels of VUV, from 0 to 12,573 ESH. These samples were expected to

show increasing amounts of hardness due to the VUV-induced cross-linking of FEP Teflon ® and resulting embrittle-
ment. As can be seen in Table 4, the hardness for these two samples, as indicated by the spring constant (k') of the

surface, did increase from =14 N/m for the pristine area to =148 N/m for the area exposed to 12,573 ESH of VUV.
Plotting spring constant versus weeks of VUV exposure gives a second-order polynomial fit for increase in hardness

as a function of VUV exposure resulting in embrittlement (see Figure 18).
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TABLE4- RELATIVEHARDNESSOFVUV/AOEXPOSEDFEPTEFLON®BASEDONAFMTIP
DEFLECTIONVERSUSPOSITIONCURVES

AtomicOxygen Atomic
VUVExposure Exposure Oxygen/VUVRatio SpringConstant,k"

Sample (ESH) (atoms/cm2) (atoms/(cm2-ESH) ) (N/m 2)

IA 0 0 -- 14.4

IB 1012 0 -- 21.0

1C 2338 0 -- 36.6

1D 3943 0 -- 72.0

IE 5741 0 -- 82.8

9A 0 0 -- 14.0

9B 7468 0 -- 123.4

9C 9306 0 -- 123.4

9D 10,820 0 -- 137.2

9E 12,573 0 -- 147.8

7A 0 0 -- 13.8

7B 1369 2 X 1019 1.46 x 1016 19.2

7C 2966 2 x 1019 6.74 x 1015 26.4

7D 4830 4 x 1019 8.28 x 1015 37.2

7E 6621 4 x 1019 6.04 x 1015 23.4

4 x 1019 4,21 x 1018 13.22A 9.5

2B 1022 4 x 1019 3.91 X 1016 16.8

2C 2348 4 x 1019 1.70 X 1016 14.4

2D 3952 4 x 1019 1.01 x 1016 19.8

2E 5751 4 x 1019 6.96 x 1015 54.0

IIA 0 0 -- 14.0

11B 7490 5.25 x 1019 7.01 x 1015 61.9

11C 9330 5.25 X 1019 5.63 x 1015 105.0

11D 10,850 6.5 X 1019 5.99 x 1015 43.2

liE 12,603 6.5 X 1019 5.16 x 1015 91.4

4A 0 0 -- 14.0

4B 33 6.5 X 1019 1.97 x 1018 21.9

4C 12,164 6.5 x 1019 5.34 x 1015 70.4

4D 12,131 0 -- 144.2

4E 12,164 6.5 X 1019 5.34 x 1015 70.4

12E 43 1.33 x 10 '-° 3.09 x 1018 14.0

12D 7511 1.33 x 1020 1.77 x 1016 21.99

12C 9349 1.33 x 1020 1.42 X 1016 27.6

12B 10,862 1.33 X 10 20 1.22 x 1016 50.4

12A 12,616 1.33 x 1020 1.05 x 1016 58.1
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Results for all of the 7 AFM samples are plotted in Figure 19. Sample 7E was not plotted because there

may have been an error in obtaining the data as reported by Digital Instruments. In the legend, AO fluence is in

units of atoms/cm 2. As can be seen in the graph, all sample areas which received AO exposure in addition to VUV

radiation exposure have lower spring constants and therefore have softer surfaces than the samples which received

equivalent VUV exposure with no AO, indicating that the AO is removing some of the surface embrittled layer, as

expected. If we examine the results for samples 2 and 7 (with AO fluence of 2-4 x 1019 atoms/cm -_)as compared to

sample 1 which had approximately equivalent exposure to VUV but was not exposed to AO, it can be seen that an

AO exposure of 2 x 10 j9 atoms/cm 2 (sample 7) only partially removes the embrittled layer formed by cross-linking

upon exposure to 1369 and 2966 ESH VUV. Whereas, results from sample 2 indicate that an AO fluence of 4 x 10 _

atoms/cm 2 did remove the embrittled layer for up to 2348 ESH of VUV exposure.
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Figure 18: Increase in surface hardness of Teflon _: FEP is indicated by an increase in the spring constant with VUV

exposure. Second order polynomial curve fit is shown.
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Figure 19: Spring constant versus VUV exposure for AFM samples. Based on higher values of spring constant for

samples exposed only to VUV and lower values for samples exposed to both VUV and AO, it is evident that AO

exposure removes some of the surface embrittled layer caused by VUV exposure.
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As described earlier, the anticipated ratio of AO fluence to VUV equivalent sun hours in the HST

environment is =4x1015 atoms/(cm2-ESH). It was desired to expose certain samples to this ratio in order to

determine the degree to which AO would remove the VUV-embrittled layer on the HST thermal shields. Several
sample areas were meant to receive this AO/VUV ratio; however, the samples that received the closest to this ratio

were sample areas 1 IE, (AO/VUV ratio of 5.16xl0 t5 atoms/icm2.ESH)) and sample areas 4C and 4E (AO/VUV

ratio of 5.34x 10 t5 atoms/(cmLESH)). All other sample areas received even higher AO/VUV ratios. The

significance of the AO-VUV ratio is that any value greater than 4x10 j5 atoms/(cm2-ESH) indicates that the sample

received a greater amount of AO erosion relative to the depth of VUV embrittlement than the anticipated HST
equivalent space exposure increments. Despite the excess AO exposure, the VUV-hardened surface layer of

Teflon '* on samples 1 IE, 4C and 4E (with the AO/VUV ratio closest to that expected in the HST environment) was
not removed. Therefore, it is concluded based on the results from the AFM samples, that for anticipated HST

thermal shield AO/VUV exposure levels, AO will remove some of the VUV-embrittled surface layer, but will not

completely remove it, and a surface embrittled layer will build up on the Teflon ®HST solar array thermal shields
that could form cracks.

3.3.2 AFM Topography Images

Atomic force microscopy topographical images of sample 7A (pristine), 4D (no AO, high ESH VUV), 12E
(tow ESH VUV and high AO fluence), and 12A (high ESH VUV and high AO fluence) are shown in Figure 20.
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Figure 20: AFM surface topography images: (a) sample 7A (pristine), (b) sample 4D (12,131 ESH VUV), (c)
sample 12E (43 ESH VUV and AO fluence of 1.33 x 1020 atoms/cm2), and (d) sample 12A (12,616 ESH VUV and
AO fluence of 1.33 x 1020 atoms/cm2).
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Thepristinesurfaceimageforsample7A(Figure20(a))showsaseriesofsmalllinearmounds.Sample4D
(Figure20(b)),exposedto12,131ESHofVUVexposure,showsadefinitedifferencein thesurfacemorphology.
TheVUV-exposedsurfaceappearstobemicroscopicallysmoother,andthelinearmoundsarenolongerpresent.
Sample12E(Figure20(c))whichwasexposedtoaminimalamountofVUV(43ESH)andanAOfluenceinexcess
ofthatexpectedfor5yearsin theHSTenvironment(1.33x 102°atoms/cm-_),hastheappearanceofsmallrounded
conestructurestypicalofatomicoxygenexposure.Inbetweenthecones,thesurfaceissmoothwithonlyahintof
thelinearmounds.Sample12A(Figure20(d))whichwasexposedto12,616ESHVUVandanAOfluenceof
1.33x 10-'0atoms/cm2,appearssinfilartosample12E,withslightlylargerconestructures.

3.4LightPenetrationPhotography

Evaluationofthelightpenetrationphotographsindicatednosignificantchangesinthenumberor
appearanceofpinholes,scratchesandcracksinthealuminumlayerofthesamples.Afewsamplesshowedaslight
increaseinthenumberofpinholesandscratchesprobablyattributedtohandlingratherthantoenvironmental
exposure.ComparisonofphotographstakenbeforeandafterVUVandAO-VUVexposuredidnotshow
delaminationofthealuminumforanyofthesamples.Figure21(a)and(b)showslightpenetrationphotographsfor
sampleua-02priortoandafterVUVandAO-VUVexposure.Thefactthatthissamplehadpreviouslybeen
exposedtoRTCandwasbend-tested,onewouldexpectthatit wouldbemostsusceptibletoaluminum
delamination.However,noincreaseinthenumberofpinholes,scratchesorcrackswasobservedascanbeseenin
Figure21.

(a) ib)

Figure21:Lightpenetrationphotographofsampleua-02(a)beforeand(b)afterVUVandAO-VUVexposure.

4. SUMMARYAND CONCLUSIONS

Candidate HST solar array bi-stem thermal shield materials were ground tested to estimate their durability for up to

five years in the HST environment. Samples of these candidate materials, aluminized FEP Teflon * with and without AO-

and AO/UV-protective coatings, were exposed to VUV and to AO combined with VUV at operational temperatures of
105 °C, for uncoated and SiOx-coated samples, and 135 °C, for OCLI coated samples, in a test that simulated up to

approximately five years on HST. Some of these samples were previously exposed to 0.5 Mrads of 1 MeV electron radiation
and 175 rapid thermal cycles nominally between -115 °C and 90 °C although temperature range varied due to equipment

malfunctions. Optical microscopy, light penetration photography, and AFM were used to characterize the samples.
Molecular contamination of the sample chambers during the VUV and AO-VUV exposures, determined by examining

reflectance changes on witness mirrors, was assessed to be negligible for the overall test duration.
The original group of samples of aluminized FEP Teflon _ with SiOx and OCLI coatings showed serious

coating adhesion, delamination, and spalling problems that were worse for double-coated areas. It was determined

that the coating delamination was induced during RTC exposure. Samples that had not been RTC-exposed were not
delaminated and spalled. The delamination problem was found to worsen with exposure to VUV and AO and is
likely to be due to heating to operational temperatures during these test and/or necessary handling. Newer OCLI-

coated samples were found to have pieces of coating missing from coating crack sites, but, in general, were not
delaminated and spalled like the originally supplied OCLI-coated samples. It should be noted, however, that the
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newer OCLI-coated samples were not exposed to RTC. Exposure of the newer OCLI-coated samples to VUV and

AO at operational temperatures did not cause coating delamination. The uncoated aluminized Teflon ® samples were
found to have minimal degradation with five-year equivalent VUV and AO exposure at operational temperatures

and prior exposure to electron radiation and rapid thermal cycling. Minor atomic oxygen-induced erosion at the

very edge of the outer welds of a few samples was observed. The uncoated samples also developed some hazy areas
which were attributed to erosion texturing or localized contamination. AFM hardness analysis of the uncoated

aluminized FEP samples tested in this study revealed increasing VUV-induced embrittlement of uncoated Teflon ®

with increasing VUV exposure. AO exposure did not completely remove this embrittled surface layer despite the
fact that all samples received a higher AO fluence to VUV exposure ratio than expected for the HST environment.

Due to the extreme problem with the coated samples producing flakes of glass-like particles associated with
coating spalling upon thermal cycling, and the minor degradation observed with VUV and AO exposure to the

uncoated samples, uncoated aluminized Teflon ® FEP was determined to be the best of the three materials for the

HST solar array bi-stem boom thermal shields, and this material was used on replacement HST solar arrays that
were installed in December 1993, and which will be replaced in early 2002.

Based on the AFM hardness data, for anticipated AO and VUV exposure levels in the HST environment,

an embrittled surface layer is expected to build up on the uncoated aluminized FEP Teflon ® solar array bi-stem

thermal. Because bulk embrittlement has occurred on other HST-exposed FEP materials due to the overall

environmental exposure conditions, embrittlement of the thermal shields is expected to be more severe than the
AFM samples would predict based on their exposure to only VUV and AO. The embrittled layer is not expected to

produce flakes of material that would interfere with or degrade performance of the HST optics during operation.
However, FEP embrittlement from the overall HST environment exposure could cause formation of cracks and

potential particulate contamination due to stresses on the thermal shields upon retraction during future servicing
missions.
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